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Abstract

The cytoskeleton, mainly consisting of microtubules, intermediate filaments and
microfilaments, along with cytoskeleton associated and interconnecting proteins
as well as the centrosome, plays enormously important roles in all stages of
embryogenesis and undergoes significant changes to accommodate a diversity of
cellular functions during gametogenesis, oocyte maturation, fertilization and
pre-implantation embryo development. The varied functions of the cytoskeleton
can be accomplished on many different levels, among which are a diversity of
different posttranslational modifications (PTMs), chemical modifications that
regulate activity, localization and interactions with other cellular molecules.
PTMs of the cytoskeleton, including phosphorylation, glycosylation, ubiquitina-
tion, detyrosination/tyrosination, (poly)glutamylation and (poly)glycylation,
acetylation, sumoylation, and palmitoylation, will be addressed in this chapter.
Focus will be on (1) Microtubules, microtubule organizing centers (centro-
somes), intermediate filaments, microfilaments and their PTMs; (2) Cytoskeletal
functions and cytoskeletal PTMs during gametogenesis and oocyte maturation;
and (3) Cytoskeletal functions and cytoskeletal PTMs during fertilization and
pre-implantation embryo development.
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Introduction

The cytoskeleton plays enormously important roles in all stages of embryogenesis
and it undergoes significant changes to accommodate a diversity of cellular func-
tions during gametogenesis, oocyte maturation, fertilization and pre-implantation
embryo development. Three major components comprise the cytoskeleton that are
discussed in more detail below and include microtubules, intermediate filaments
and microfilaments. The present chapter will also include the centrosome, a major
microtubule organizing center that plays an essential role in the organization of the
interconnected cytoskeleton and significantly impacts structural and metabolic
functions through its microtubule organizing capabilities. The varied functions of
the cytoskeleton can be accomplished on many different levels, among which are a
diversity of different posttranslational modifications (PTMs), chemical modifica-
tions that regulate activity, localization and interactions of cytoskeletal proteins
with other cellular molecules. PTM modifications of the cytoskeleton include phos-
phorylation, glycosylation, ubiquitination, detyrosonation/tyrosination, (poly)glu-
tamylation and (poly)glycylation, acetylation, sumoylation, and palmitoylation,
among others, as will be discussed in more detail below. These modifications are
important for regulated cellular functions and they also allow dynamic changes in
response to different stimuli.

Cytoskeletal reorganization and remodeling occurs throughout embryo develop-
ment and allows for the establishment of the germ cell lineage and the migration of
primordial germ cells (PGCs) from the hindgut region to the genital ridges in the
post-implantation embryo. Oocyte maturation depends on cytoskeletal functions for
the formation of the meiotic spindle at the oocyte center and its migration to the
oocyte periphery followed by meiosis I and meiosis II, to separate chromosomes and
achieve haploidy in preparation for fertilization. The process of fertilization triggers
a cascade of cytoskeletal reorganizations to form the sperm aster, zygote aster,
mitotic apparatus and subsequent symmetric and asymmetric cell divisions, and cel-
lular polarization in the developing pre-implantation embryos. These processes will
be addressed in more detail in the specific sections below, with focus on (1)
Microtubules, microtubule organizing centers (centrosomes), intermediate filaments,
microfilaments and their PTMs; (2) Cytoskeletal functions and cytoskeletal PTMs
during gametogenesis and oocyte maturation; and (3) Cytoskeletal functions and
cytoskeletal PTMs during fertilization and pre-implantation embryo development.

Microtubules, Microtubule Organizing Centers (Centrosomes),
Intermediate Filaments, Microfilaments and Their
Posttranslational Modifications

As mentioned above, the cytoskeleton consists of a complex network of fibers pri-
marily composed of three families of protein molecules that are assembled to form
three main types of filaments: microtubules, intermediate filaments and microfila-
ments. Hundreds of accessory proteins link these filaments to each other as well as
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to different cellular components that allow intra- and intercellular communications
and signal transduction to fulfill specific cellular functions.

Microtubules are composed of a/f} subunit heterodimers that typically are linked
into 13 protofilaments to compose one single complete microtubule. The lateral asso-
ciation of protofilaments forms a cylindrical microtubule with an outer diameter of
25 nm. The number of protofilaments to form one microtubule may differ in different
systems and the regulation of protofilament number may be linked to tubulin acetyla-
tion [1]. Various and different o and B-tubulin isotypes are expressed within one cell
to form microtubules with clearly differentiated and specific cellular functions,
although the isoforms may to some extent be functionally interchangeable.

Microtubules are polarized structures with a dynamic plus end and a minus end
that can be stabilized by attachment to cellular structures such as microtubule organiz-
ing centers (MTOC; centrosome). Individual microtubules undergo highly dynamic
changes within a cell which is referred to as ‘dynamic instability’, allowing for phases
of growth and rapid depolymerization. In addition to o- and B-tubulin subunits, four
more tubulins have been discovered in more recent years which are delta (A)-, epsilon
(e)-, zeta (§)- and eta (n)-tubulins [2], whose functions are linked to eukaryotic centri-
oles and/or basal bodies. The y-tubulin is a member of the tubulin family whose func-
tions include microtubule nucleation and organization; it is primarily found at MTOCs
(centrosomes) but also can be localized to other cellular compartments such as the
plasma membrane where microtubule nucleation can take place.

Microtubules are heterogeneous in length and fulfill a variety of different func-
tions in cells either alone or by interacting with different cellular components. The
plus-end directed microtubule motor protein kinesin and minus-end directed micro-
tubule motor protein dynein are important for transport of cargo along microtubules
to their functional destinations and therefore also play a role in cellular and intercel-
lular signal transductions. The regulation of microtubule dynamics and stability
includes participation of a heterogeneous group of numerous non-motor microtubule-
associated proteins (MAPs) and microtubule-interacting molecules that provide
additional functional microtubule diversity.

Microtubules are important for maintenance of cell shape, cellular transport of
membrane vesicles, macromolecules and organelles such as mitochondria, for cell
motility, meiosis, mitosis and cell division, and for the formation of centrioles,
immotile primary cilia, and motile cilia and flagella.

Drugs that interfere with microtubule polymerization include colcemid, colchicine,
nocodazole, podophyllotoxin, and griseofulvin, among others; the best-known drug
that promotes tubulin polymerization and interferes with tubulin depolymerization is
taxol [3-5], a drug that is used for cancer treatment, as it prevents depolymerization of
mitotic microtubules, therefore preventing cancer cells from rapid cell division.

Biological structures that are distinctly enriched in microtubules include cilia,
primary cilia, centrioles, the meiotic apparatus, and the mitotic apparatus that are
briefly described as follows.

Cilia: Cilia or flagella are microtubule-based structures with a cytoskeletal core
referred to as the axoneme that is important for sperm tail motility, for functions of
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cells in the Fallopian tubes to move the egg from the ovary to the uterus, and for a
diversity of ciliated cell functions throughout development. Motile cilia are found in
all stages of embryo development and they are distinguished from non-motile pri-
mary cilia by their microtubule organizations and by the presence of dynein. Motile
cilia are known for their 9 +2 microtubule arrangement which refers to their compo-
sition of nine outer doublet microtubules and a central pair of single microtubules.
Each outer microtubule doublet contains a complete A tubule and an incomplete B
tubule that is fused with the complete A tubule.

Primary cilia: The primary cilium is a specialized non-motile cilium that protrudes
as one single cilium from almost all cells in our body [6]. It originates from a basal
body that develops from the mother (elder) centriole of the cell’s centrosome com-
plex and becomes coordinated with cell cycle regulation. Primary cilia contain 9
outer microtubule doublets but no central microtubule pair (9+0), and no dynein.
These sensory cellular antennas with a receptor-rich membrane coordinate a large
number of signaling pathways that are coupled with nuclear activation and cell divi-
sion. A close relationship exists between primary cilia and the centrosome complex,
as primary cilia undergo cell cycle-specific assembly and disassembly and share
mother centriole components during this process. Typically, in the G1 stage, pri-
mary cilia are assembled when the distal end of the centrosome’s mother centriole
becomes reorganized to form the basal body for the primary cilium’s axoneme that
directly assembles onto the microtubules of the modified mother centriole. Primary
cilia are disassembled at the entry into mitosis when fully matured centrioles
become located at the mitotic poles; they are reassembled during exit from mitosis
(reviewed in [7-10]). Primary cilia play important roles in embryo development and
are critical for signal transduction pathways [11, 12]. Primary cilia dysfunction has
been implicated in a variety of diseases and disorders (reviewed in [13]).

Centrioles: Centrioles are cylindrical structures composed of nine outer triplet
microtubules, each consisting of a complete A, an incomplete B, and an incomplete
C microtubule. Centrioles do not contain central microtubule pairs. In mitotic cells,
a typical centriolar duplex consists of two centrioles representing mother and
daughter centriole that are organized perpendicular to one another. The mother
(older) centriole is structurally and functionally distinguished from the daughter
(younger) centriole by characteristic distal and subdistal appendages. Both centri-
oles are connected through interconnecting fibers.

Meiotic apparatus: The meiotic apparatus (meiotic spindle) consists of acentriolar
centrosome material, chromosomes, and two classes of microtubules that connect
both meiotic spindle poles (pole-to-pole or interpolar microtubules) and those that
connect one pole with the kinetochores of chromosomes (kinetochore microtu-
bules). The meiotic apparatus is formed at the oocyte center during oocyte matura-
tion, following germinal vesicle breakdown (GVBD). The fully formed spindle
moves to the oocyte periphery to become the MI spindle followed by formation of
the MII spindle. Two asymmetric cell divisions following meiosis I and meiosis II
take place, resulting in two polar bodies and a haploid oocyte.



4 Posttranslationally Modified Tubulins and Other Cytoskeletal Proteins... 61

Mitotic apparatus: The mitotic apparatus is formed to separate chromosomes
equally into two new daughter cells. A typical mitotic apparatus consists of centro-
somes containing a pair of perpendicularly oriented centrioles, chromosomes, and
two classes of microtubules (pole-to-pole or interpolar microtubules and kineto-
chore microtubules) that along with numerous accessory proteins provide the com-
plete machinery to separate chromosomes into the dividing daughter cells. In the
mouse preimplantation embryo, no centrioles have been observed during mitotic
cell divisions up to the blastula stage, while in non-rodent mammalian systems, the
sperm-derived centrioles are present during mitosis that participate in symmetric
and asymmetric cell divisions throughout pre-implantation embryo development
(reviewed in [7, 9]).

Microtubule Organizing Centers (MTOCs; Centrosomes): In addition to the above-
mentioned microtubule-enriched structures, the microtubule organizing centers
(MTOC:s; centrosomes) are important for cytoskeletal coordination and functions
(reviewed in more detail in [8, 9]). The functional units of MTOCSs can have differ-
ent molecular compositions that organize various microtubule formations and
include spindles of the meiotic and mitotic spindle apparatus as well as cytoplasmic
asters (reviewed in [7-9]). MTOCs may or may not contain centrioles. Most scien-
tists in the field define MTOC:s as structural units that contain y-tubulin and numerous
other proteins that are important for cell cycle-specific nucleation and organization
of microtubules (reviewed in [14]). The best-studied MTOCSs are the centriole-
containing centrosomes in somatic cells that are composed of a large number of
centrosomal proteins, with at least 60 of them being directly associated with the
interphase centrosome structure, and numerous others that are associated with
centrosomes to perform cell cycle-specific functions (reviewed in [14]). Details on
centrosome structure and functions are not included in the present chapter but have
been reviewed previously [7-9, 15-17].

Intermediate Filaments are ropelike fibers with a diameter of ~10 nm. These
fibers are important for cellular structure and organization, serving as mechanical
scaffolds in many capacities. They are composed of intermediate filament proteins
that comprise a large and heterogeneous family of over 50 different proteins being
subcategorized into six different types or classes in vertebrates. One type of inter-
mediate filaments is organized into the nuclear lamina, a meshwork of filaments
underlining the inner nuclear envelope. Other types play a role in intra- and intercel-
lular communications and include vimentin and cytokeratin, among others (reviewed
in [18]). Intermediate filaments are more stable to experimental treatments com-
pared to microtubules and microfilaments.

Microfilaments (actin filaments) are composed of actin subunits that form two-
stranded helical polymers resulting in filaments with a typical diameter of ~7—8 nm.
Microfilaments are important for a great variety of cellular functions including cel-
lular motility, membrane trafficking and shape changes, among numerous others.
Actin filaments can be highly dynamic or they can be anchored, such as in muscle
tissue. Cellular microfilaments can be organized in linear bundles, two-dimensional
networks, and three-dimensional gels. Similar to microtubules, different actin iso-
forms allow different actin filament functions.
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A large number of microfilament-associated and microfilament-interacting
molecules have been identified that assure varied microfilament functions. Of the
actin-based cell motility proteins, several have been well studied while others are
still being investigated in numerous laboratories. The Arp2/3 (actin-related protein
2/3) complex is a well-known actin nucleation complex that is important for the
formation of new actin filaments off the sides of existing microfilaments (reviewed

by [19]).

Posttranslational Modifications of Cytoskeletal Proteins
with a Focus on Tubulins

PTMs allow for significant diversity, complexity, and heterogeneity of gene prod-
ucts on qualitative and quantitative levels and for spatio-temporal control of protein
activities and dynamics in biological processes. As mentioned above, PTMs modu-
late molecular interactions, protein localization, and protein stability which are
important for cellular functions, while dysfunctions have been implicated in various
diseases including cancers, diabetes, dysmetabolic syndrome, neurological disor-
ders and others for which onset may be traced back to PTM disorders in early
embryo development.

PTMs are chemical alterations to protein structure that frequently involve
substrate-specific enzymes and may include more than 300 different types of modi-
fications. Gene products can be modified in various combinations resulting in a
large heterogeneity of the protein population. Several methods have been employed
to determine PTMs including mass spectrometry, two-dimensional gel electropho-
resis (2DE), immunological probes, and others (reviewed in [20]). The following
will provide an overview of PTMs and will highlight PTMs of the cytoskeletal pro-
teins including tubulins, intermediate filament proteins, actin, and centrosomes.

Of the PTMs referred to in the introduction, the most generally studied are phos-
phorylation, ubiquitination, and sumoylation [21-23], for which functions have
been established, although a number of functions associated with these PTM
changes for tubulin are not yet fully understood. The best understood PTMs for
tubulin (microtubules) include detyrosination and the related A2 modification,
(poly)glutamylation, (poly)glycylation, and acetylation [20, 21, 23, 24], which will
be addressed below. Most of the PTMs occur on formed microtubules and provide
specific characteristics for specific functions. In general, PTM takes place at amino
acid side chains or peptide linkages with the majority of them being enzyme-
mediated. PTMs can alter the functional capabilities, dynamics and biophysical
properties of microtubules and their interacting molecules.

Protein phosphorylation most frequently occurs on serine, threonine or tyrosine
residues and plays significant roles in the fine-regulation of cell cycle stages and in
a number of different signal transduction pathways.

Ubiquitination is important for the degradation of proteins and plays a role in
numerous specific cell cycle regulation events, as will be discussed below.
Ubiquitination and acetylation are the best characterized lysine modifications of
cytoskeletal proteins.
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Glycosylation affects protein folding, distribution, stability, and activity.

Glutamylation and glycation refer to the addition of glutamate (glutamylation)
or glycine (glycylation) residues onto glutamate residues in the C-terminal tails
(CTTs) of both a-and p-tubulin [21, 24]. Glycylation is mainly associated with
tubulin incorporated into axonemes (cilia and flagella) while glutamylation is seen
in neuronal cells, centrioles, axonemes, and the mitotic spindle.

Glycylation and glutamylation can take place on either a-tubulin or f-tubulin,
forming long or short side chains. These PTM modifications can occur on a single
microtubule or on different microtubules, but the selectivity for different modifica-
tion sites on tubulin tails or their spatial and temporal regulation is not yet known.
Both PTMs can overlap and compete with each other for modification sites [25, 26].

Tubulin polyglutamylation and polyglycylation: Polyglutamylation refers to pro-
gressive addition of Glu residues onto the y-carboxyl group of one or more Glu resi-
dues near the C-terminus of polymerized tubulin [27-29]. Hydrolysis of linear Glu
chains removes polyglutamylation from tubulin and it also generates A2-tubulin
from detyrosinated tubulin, as addressed below. Enzymes of the TTLL (tubulin Tyr
ligase-like) family carry out the polyglycylation PTM of tubulin which plays a role
in the dynamics and stability of axonemes. The TTLL enzyme family comprises
glutamylating [30-32] and glycylating [25, 26, 33] enzymes.

Sumoylation refers to the reversible addition and removal of SUMO (small
ubiquitin-related modifier) polypeptides on lysine residues that play a role in cell
cycle regulation as well as in other cellular processes and in the DNA damage
response (DDR). Sumoylation is associated with changes in stability and function
of various cytoskeletal structures.

Palmitoylation: Tubulin has been shown to incorporate radioactively labeled [*H]
palmitate, predominantly on the a-subunit at cysteine 376. Palmitoylation has been
studied in mutants of the budding yeast Saccharomyces cerevisiae in which mitosis
occurred but aster microtubules showed defects and may have affected microtubule
interactions with the cortex (reviewed in [21]).

Detyrosonation/tyrosination: Detyrosination of microtubule polymers is based on
the removal of the gene-encoded C-terminal tyrosine of a-tubulin by a yet to be
identified carboxypeptidase [21, 24, 34, 35]. The removal of the C-terminal Glu
residue on detyrosinated tubulin results in A2-tubulin [36]. The A2-tubulin PTM is
irreversible and catalyzed by deglutamylase enzymes of the CCP family [37].
Historically, detyrosinated tubulin was referred to as Glu-tubulin, and it was
renamed to avoid confusion when glutamylated tubulin was discovered [27].
Tyrosination on the other hand involves the addition of a tyrosine residue to the
C-terminal glutamate residue of a-tubulin within the soluble tubulin heterodimers
that is catalyzed by tubulin tyrosine ligase (TTL) [21, 24]. Tyrosination refers to the
enzymatic addition of Tyr to a-tubulin; the reversible tyrosination—detyrosination
cycle is initiated by the removal of a Tyr functional group (detyrosination), whereas
re-addition of Tyr (tyrosination) returns tubulin to its nascent state. The detyrosina-
tion/tyrosination PTM cycle plays a role in the recruitment of two types of
microtubule-binding proteins, molecular motors and plus-end tracking proteins
(+T1Ps). For example, the microtubule motor protein kinesin-1 binds preferentially
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to detyrosinated microtubules in neuronal cells [38] while kinesin selectively binds
to detyrosinated tubulin, therefore allowing selective interactions with other cellular
components such as vimentin ([39]; reviewed in [20]).

Acetylation is a reversible PTM that plays a major role in tubulin modifications
and is also an important modification for cross-talk with other PTMs including
phosphorylation, ubiquitination and methylation, all of which can modify the bio-
logical function of acetylated proteins [40].

Acetylation of Lys-40 on a-tubulin takes place on the luminal face of the micro-
tubule polymer [41]; newer studies identified acetylation on Lys252 of B-tubulin
that preferentially takes place on non-polymerized tubulin [42]. While the enzyme
for acetylation has not yet been identified, two tubulin deacetylating enzymes are
known: the histone deacetylase 6 (HDAC6) [43, 44] to reverse acetylation of Lys40,
and sirtuin 2 (SIRT?2) [45] which shows preferential activity towards a tubulin pep-
tide substrate as compared to a histone peptide substrate.

So far, PTMs have mainly been described for a- and p-tubulins. Most a-tubulins
are acetylated on the e-amino group of a conserved lysine residue at position 40 in
the N-terminus. Acetylation is frequently associated with stable microtubules as seen
in axonemes, and it takes place after microtubule assembly; however, acetylation
does not necessarily cause stabilization, which has been shown in several studies and
includes the finding that the HDACG6 protein, itself, can inhibit microtubule growth
[46]. PTMs on the other hand, can protect microtubules from severing enzyme
activities such as that of Katanin and Spastin [47]; on the other hand, tubulin modifi-
cation by detyrosination allows the microtubule-depolymerizing kinesins from the
kinesin-13 family (mitotic centromere-associated kinesin (MCAK; also known as
KIF2C) and KIF2A) to preferentially depolymerize the now tyrosinated microtu-
bules [48]. The studies by Peris et al. [48] were the first to demonstrate a mechanism
explaining how detyrosination can stabilize microtubules, as it was shown that tyros-
inated microtubules are better substrates of depolymerizing kinesins.

It is also important that microtubule motor activity can be regulated by PTMs
which may serve as an effective mechanism to spatially and temporally segregate a
range of subcellular transport activities. For example, tubulin detyrosination regu-
lates the binding and motor activity of the ubiquitous Kinesin-1 (the ‘conventional’
kinesin, KIFS5) to microtubules [39, 49-51]. Polyglutamylation and polyglycylation
may further play a role in the fine-tuning of microtubule motor activities (reviewed
in [23]).

The above-mentioned studies and others show that PTMs create marks on micro-
tubules that allow targeting of cytoskeletal structures for their destination during
specific cellular functions.

The intermediate filament proteins vimentin and cytokeratin are acetylated on
lysine residues which has been reported to destabilize the polymer [52, 53], thereby
destabilizing intermediate filament functions, which differs from microtubule and
microfilament acetylation.

In regard to microfilaments, six of the seven ARP2/3 complex subunits are acety-
lated on lysine residues [54]. A regulator of the ARP2/3 complex, cortactin, is
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important for invadopodia functions [55]; it is acetylated along with the actin/
ARP2/3-interacting proteins cofilin and coronin [54, 56]. Cortactin can be acety-
lated on nine different lysine residues, which results in decreased actin-binding
capacity and decreased translocation to the periphery (reviewed in [57].

The three major isoforms of actin, «, f, and y-actin all can be acetylated [54, 58].
Acetylation of y-actin has been implicated in stabilization of stress fibers. Formins
participate in the microfilament-mediated formation of the contractile ring at the
end of mitosis which may involve ubiquitin-mediated degradation of formin to com-
plete cell division.

Posttranslational Modifications of Centrosomes,
Basal Bodies, Cilia and Flagella

As mentioned above, posttranslational modifications can define the location, inter-
actions, and function of proteins which also holds true for centrosomal proteins and
centrosome protein complexes.

While relatively little is known about PTMs in centrosomes, various data are
available on some aspects that in part are related to the entire centriole-centrosome
complex; a non-catalytic subunit of the TTLL1 complex, polyglutamylase complex
subunit 1 (PGS1) [59], was specifically localized to the centrosome when overex-
pressed in cultured cells [60], perhaps implying a role for polyglutamylation in
centrosome functions.

Several other TTLL enzymes have been associated with the centrosome complex
and basal bodies in overexpression studies [32]. However, as mentioned above, cen-
trosomes are communication centers for various cellular processes and it is not clear
which enzymes are responsible for the modification of centrioles and which enzymes
accumulate on the centrosome or basal body to assume other functions for related
cellular activities such as the modification of the mitotic spindle or for cilia-related
functions.

Perhaps the best-understood posttranslational modifications of centrosomes are
phosphorylations that modulate the functions of centrosome proteins. Recent pro-
teomic screens and computational analysis identified a variety of substrates for
centrosome-associated kinases [61-63]. Phosphorylation-dependent functions of
specific centrosome proteins have been described and include CPAP, the human
homologue of Sas-4 involved in centriole duplication, which has been identified as
a PLK?2 substrate. The PLK2-phosphorylated CPAP localizes to procentrioles and
plays a role in procentriole elongation [64]. Other posttranslational modifications
include Sumoylation and ubiquitination that play important roles in regulating cen-
trosome functions. Ubiquitination of the centrosomal protein CP110 during the G2
phase of cell cycle, and its subsequent degradation is required for centrosome and
spindle integrity [65—72]. Several investigators have shown that ubiquitin-dependent
proteolysis is important for centrosome duplication, procentriole formation and
control of daughter centriole length [69, 70, 73].
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The centriolar protein SAS6 is required in human cells for procentriole nucle-
ation and formation which is regulated through the ubiquitin ligase APCCdhl1 that
targets SAS-6 for degradation [74]. The E3 ubiquitin ligase complex SCF-FBXW5
ubiquitinates SAS6 and is negatively regulated by the Polo kinase PLK4 [75].
Autophosphorylation of PLK4 results in ubiquitin and proteasome-dependent deg-
radation of PLK4 which then causes a block of centriolar reduplication by releasing
the activity of the SCF-FBXWS5 complex. These molecular cascades use cycles of
phosphorylation and proteolytic processes for centriolar replication [75].

In addition to phosphorylation and ubiquitination, Sumoylation of centrosomal
proteins is important for regulation of the nuclear localization of centrin-2, which oth-
erwise resides in mammalian centrosomes as core centrosomal protein [76]. While
these data provide some insights into PTMs of centrosomes, this aspect of centro-
some biology is only partially understood and more studies are required to better
understand mechanisms, regulation, and functions of PTMs of centrosomal proteins.

Proteins of the NEK family are important for centrosome functions as well as for
basal body, motile cilia, and primary cilia functions [77, 78]. NEK49, a NIMA
(never in mitosis gene A)-related kinase localizes to the basal body and shows a
decreasing gradient along the flagellum which correlates with the glutamylation
profile of the axoneme. The human genome encodes at least 11 NEKS [79] and
disruption of the Nek!I gene in mice causes pleiotropic effects, including male steril-
ity and polycystic kidney disease [80], which is caused by primary cilia dysfunction
and potentially consistent with a role for NEK1 in tubulin modification.

Detyronisation is unique in motile cilia in that the central pairs of microtubules
are mostly detyrosinated, while the B-tubule of the outer microtubule doublets is
more heavily tyrosinated compared to the A-tubule which has been studied in
Chlamydomonas flagella (reviewed in [23]). In axonemes, it has been shown that
A2-tubulin is enriched on the B-tubule [81] which may indicate irreversible dety-
rosination to provide stability.

Acetylation is significantly enriched in axonemal microtubules [82, 83] but it is
not clear whether or not it affects the assembly and function of cilia; this relates to
other findings in mice lacking HDAC6 which did not affect axonemal functions
such as male fertility. Nevertheless, developmental defects were seen in HDAC6-
knockout mice which included accelerated bone growth that may be the result of
dysfunctional signal transductions in primary cilia with increased acetylation.
Functional studies [84, 85] revealed that TAT1 (enzyme MEC-17) that carries out
acetylation of Lys40 on a-tubulin decreased acetylation and slowed ciliary assem-
bly, affecting primary cilia functions. Other strong enrichment of PTMs in cilia and
flagella include polyglutamylation and polyglycylation [86].

PTMs may be developmentally regulated. For example, in Drosophila melanogas-
ter testes, the assembly of sperm axonemes was not affected by depletion of a key
glycylase while it was affected in later stages, in which loss of glycylation resulted in
complete disassembly of sperm axonemes and total sterility of male flies [25].

While there are evolutionary differences in cilia, in most animal species poly-
glutamylation is required for ciliary assembly and functions and it may be involved
in intraflagellar transport (IFT). Beating asymmetry in cilia was prevented in
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Ttlll-knockout mice in which the levels of polyglutamylation on both o- and
B-tubulin were reduced. Airway cilia and sperm flagella were most affected in these
animals [87, 88].

Glutamylation and glycylation may allow different functions in axonemes and
they may regulate each other. Glycylation allows structural stabilization while glu-
tamylation is important for the regulation of beating behavior. Nearly complete loss
of cilia was shown in zebrafish with double knockdown of the glycylase 7t/l3 and
the polyglutamase 7tl16.

Centrioles and basal bodies are enriched in PTMs with the highest enrichment
of detyrosinated [89], acetylated [90], and polyglutamylated tubulin and A2-tubulin
[81]. Polyglutamylation is distinguished by long Glu side chains [89, 91]. In HeLa
cells, injection of the glutamylation-specific antibody GT335 [92] resulted in disas-
sembly of centrosomes [93], possibly as a result of centriole destabilization during
the G2/M stage of cell cycle [94].

Posttranslational Modifications in Cycling Cells

In cultured cells, detyrosination [95], acetylation [90], and polyglutamination [91]
are enriched during cell division in the central mitotic spindle and in the midbody,
but not in astral mitotic microtubules. The PTMs shown in the central mitotic spin-
dle may play a role in stabilizing kinetochore microtubules. Stabilization of micro-
tubules by tyrosination may regulate the activity of the depolymerizing kinesin
MCAK [48], which becomes important for chromosome segregation during ana-
phase [96] and may serve as regulator for chromosome segregation. Also, polyglu-
tamylation induces enzymatic microtubule severing [97], thereby controlling the
length of the mitotic spindle via katanin-mediated microtubule severing [98, 99].
Further, by controlling spastin-dependent severing [100], polyglutamylation may
ensure timely abscission during cytokinesis.

Temporal and spatial control of tubulin PTMs may allow for specific functions of
multiple microtubule-interacting proteins during cell division.

Cytoskeletal Functions and Cytoskeletal PTMs During
Gametogenesis and Oocyte Maturation

The stages of male and female gametogenesis and the role of the cytoskeleton in
these processes have been described in detail in previous papers and reviews [101—
107], as well as in several chapters of this book, and are not specifically addressed in
this section. Briefly, gametogenesis refers to a complex developmental process result-
ing in the production of male of female germ cells. During spermatogenesis, mature
spermatozoa are produced in a well-organized sequence of events in which cell pro-
liferation, meiosis and differentiation take place. To accomplish this process, the pro-
liferating primordial germ cells (PGCs) migrate from their site of origin to the future
gonad position to associate with somatic gonadal precursor cells for gonad formation.
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PGC:s then differentiate in a sex-specific manner while undergoing a distinct program
of proliferation and quiescence. In the male genital ridge, the PGCs become enclosed
by precursor somatic Sertoli cells followed by seminiferous cord formation during
which PGCs and Sertoli cells form solid strands of cells which later become seminif-
erous tubules when the cords form a lumen. PGCs enclosed in seminiferous cords
undergo morphological changes resulting in gonocytes that proliferate for several
days before being arrested at the GO/G1 stage of cell cycle. In rats and mice, gono-
cytes resume proliferation within a few days after birth to give rise to spermatogonial
stem cells (SSCs) which initiate the first round of spermatogenesis to produce sper-
matozoa at the onset of reproductive age [108].

Centrioles and centrosomes undergo important developmental processes during
gametogenesis. As reviewed in detail by Manandhar et al. [109] and Sun and
Schatten [110], when spermatids transform into mature spermatozoa, most of the
centrosomal material is lost. However, the proximal centriole is completely retained
and becomes localized close to the nucleus to perform critically important functions
after fertilization, as will be discussed in section “Cytoskeletal Functions and
Cytoskeletal PTMs During Fertilization and Pre-implantation Embryo
Development”. The distal centriole becomes partially reduced, and it becomes asso-
ciated with the sperm axoneme in the midpiece and tail after being restructured to
lose the triplet microtubule organization while forming a central pair of microtubule
doublets, as is characteristic for the axoneme.

Of all the microtubule-containing structures that play a role in spermiogenesis,
we mainly have data on the transient caudal manchette and on the stable axoneme
(reviewed in [111]). Both structures contain PTMs but only the PTMs of the axo-
neme have been studied in detail.

Oocyte development begins during fetal growth and is completed in the adult.
During oogenesis, centrioles that are present in oogonia until the pachytene stage of
oogenesis [112] (reviewed in [109]) become lost, and the mature oocyte is devoid of
centrioles in most species. However, reduced amounts of centrosomal components
are present in the cytoplasm (reviewed in [109]) that can be visualized in partheno-
genetically activated oocytes [15, 16, 113] and become associated with the sperm
centriole after fertilization.

Mammalian oocytes are arrested in diakinesis of meiotic prophase I at birth and
are located within the primordial follicle pool. A large nucleus (germinal vesicle;
GV) forms during follicle growth. Stimulation by gonadotrophins induces
GV-breakdown (GVBD) and meiotic resumption followed by the first meiotic cell
cycle stages of prometaphase I, metaphase I, anaphase I, and telophase I to accom-
plish chromosome separation and extrusion of the first polar body (PB1). The sec-
ond meiotic cell cycle continues up to the metaphase II stage (MII), at which the
oocyte becomes arrested until fertilization or parthenogenetic activation takes place.
The MII oocyte is the end result of a complex process of oocyte maturation during
which the oocyte becomes fertilization-competent and achieves developmental
potential. In most species except in the mouse, the MII spindle is localized perpen-
dicular to the cell surface, and it displays a barrel-shaped to pointed spindle mor-
phology (it is parallel to the egg surface in the mouse which represents one of the
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features that are different in mouse oocytes compared to other non-rodent mamma-
lian oocytes). The MII spindle takes a special place in the reproductive cell cycle as
this is the stage at which fertilization occurs in most mammalian species. Although
it appears static in immunofluorescence and transmission electron microscopy
(TEM) images, the MII spindle is a highly dynamic structure whose integrity is
actively maintained by a complex set of regulatory kinases and other regulatory
proteins. Loss of spindle integrity includes alterations in regulatory kinases as has
been shown in aging oocytes (reviewed in [114, 115]). Failure in MII spindle func-
tion can lead to aneuploidy and subsequent cell and developmental abnormalities
resulting in abortion, disease, or developmental defects (reviewed in [114-116]).

Posttranscriptional regulation of pre-existing maternal mRNA and posttransla-
tional modification of proteins is critical for meiotic progression from the primor-
dial stage to the zygote and several key proteins such as CDKl/cyclin B are
posttranslationally modified to precisely control meiotic progression. Others include
the kinases PKA, AKT, MAPK, Aurora A, CaMKII, the phosphatases CDCS5,
CDK14s and others that participate in the meiotic process. The posttranscriptional
and posttranslational modifications of proteins other than cytoskeletal proteins have
recently been reviewed for mouse oocytes by Kang and Han [117] and are not
addressed in this chapter that is focused on cytoskeletal proteins.

Compared to our knowledge of PTMs in somatic cells, the information for cyto-
skeletal PTMs in germ cells is still sparse despite the fact that microtubule organiza-
tion and centrosome functions are among the most important processes for oocyte
maturation with consequences for successful fertilization and embryo development.
In this section, cytoskeletal functions will be correlated to their known PTMs keep-
ing in mind that the information on PTM-related cytoskeletal functions is incom-
plete, as only sporadic data are available for selected aspects. While the best data for
PTMs come from studies of mature sperm tails, only scarce data are available for
maturing oocytes from the GV stage to the formation of the central, MI, and MII
meiotic spindles.

The mechanisms for spindle formation and migration in different systems have
previously been reviewed in detail [8, 116, 118, 119] and are not specifically
addressed here. Significant reorganization of the microtubule network takes place
during oocyte maturation which is shown in Fig. 4.1, highlighting microtubule orga-
nization and centrosome formation at the meiotic spindle poles that are critical for
accurate chromosome segregation. Two asymmetric divisions take place in oocytes
after first and second meiosis, when the first and second polar bodies are extruded,
respectively, to remove half of the chromosome complement and excess centro-
somal material.

The acentriolar centrosome formation at the two meiotic spindle poles includes
participation of the centrosomal proteins y-tubulin, pericentrin, centrin, and the
nuclear mitotic apparatus protein, NuMA. The specific participation of these pro-
teins may differ in different systems on both qualitative and quantitative levels. The
acentriolar centrosomes play important roles in microtubule stabilization and in
maintenance of functional meiotic spindles. As mentioned above, spindle integrity
is lost in aging oocytes which includes centrosome and microtubule instabilities,
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Fig. 4.1 Schematic diagram of oocyte maturation stages. (a): Germinal vesicle (GV) stage;
(b) germinal vesicle breakdown (GVBD); (c) first meiotic spindle in metaphase; (d) first meiotic
spindle in anaphase and first polar body extrusion; (e) meiosis II (MII) metaphase II spindle;
(f) anaphase II spindle with extruded second polar body. Blue =microtubules; green=chromatin/
chromosomes; red=centrosomal components

with consequences for chromosomal mis-segregation resulting in female infertility
and developmental abnormalities. It is not known whether PTMs are altered in
microtubules of aging oocytes.

While we do not yet have a complete understanding of PTMs in MII oocytes, some
data have emerged in recent years that have mainly been generated in the mouse sys-
tem. In the unfertilized mouse oocyte, it was shown that the acetylated form of
a-tubulin is predominantly localized at the poles of the arrested MII spindle, as
detected with a monoclonal antibody to acetylated a-tubulin and analyzed with
immunofluorescence and immuno high-voltage electron microscopy (immuno
HVEM) using colloidal gold [120]. Microtubules in the cytoplasmic cytasters that are
present in the unfertilized mouse oocyte [121, 122] were not acetylated. The meiotic
spindle became labeled with acetylated a-tubulin at meiotic anaphase; by telophase
and during second polar body formation, the acetylated a-tubulin was only detected
at the meiotic midbody. After perturbing microtubule dynamics with cold, colcemid,
or griseofulvin treatment, the remaining stable meiotic spindle microtubules showed
positive staining for acetylated a-tubulin; however, taxol stabilization of microtubules
did not alter tubulin acetylation patterns. These results show that acetylated microtu-
bules are present during meiosis and display a cell-cycle-specific pattern of acetyla-
tion, with acetylated microtubules associated with microtubules at the centrosomal
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area in meiotic metaphase, an increase in spindle microtubule acetylation at anaphase,
and selective deacetylation at telophase with acetylated microtubules in the midbody
during the asymmetric meiotic cell division prior to polar body extrusion.

Cytoskeletal Functions and Cytoskeletal PTMs During
Fertilization and Pre-implantation Embryo Development

Preimplantation embryo development includes all stages from fertilization to
implantation and it is a well-orchestrated program that includes symmetric and
asymmetric cell divisions, morula and blastocyst formation. Preimplantation embryo
development is regulated genetically, epigenetically and posttranslationally.

In mammals, exit from MII arrest and meiotic resumption is typically achieved
by the fertilizing spermatozoon, which evokes in the oocyte a cascade of calcium
signaling followed by significant cytoskeletal reorganization and remodeling.
During non-rodent mammalian (including human) fertilization, the spermatozoon
contributes the proximal centriole as major microtubule nucleating and organizing
center that is important for the aggregation of oocyte centrosomal components and
the enlargement of the sperm aster into the zygote aster and mitotic apparatus. The
components involved in sperm centrosomal functions have previously been reviewed
in detail [7, 15, 16, 109] and will not be discussed in the present chapter. For suc-
cessful fertilization and sperm aster organization, the sperm-derived centriole must
first disengage from the sperm tail connecting piece; release of the proximal centri-
ole is facilitated by sperm (and oocyte) proteasomes [123], which then allows rapid
nucleation and accurate formation of microtubules into sperm aster, zygote aster
and mitotic apparatus; failure in accurate centrosome, and microtubule organization
can lead to infertility or to disorders that are manifested later in life (reviewed in
[15, 16]). Centriole duplication occurs during the pronuclear stage (Fig. 4.2) but our
knowledge of PTMs during these fertilization stages is sparse. We also still do not
fully understand how the centriole-centrosome complex becomes duplicated during
the pronuclear stage, although we understand from centriole duplication in some
model organisms and in somatic cells that duplication of this complex is under cyto-
plasmic control and driven by cyclin-dependent kinase 2 (CDK?2) complexed with
cyclin E or cyclin A (reviewed by [124]).

The sperm centrioles duplicate during the pronuclear stage (in subsequent cell
cycles during the G1/S phases) and starts with procentriole growth from the existing
centriole, a process termed semiconservative centriole duplication. The procentriole
grows into the daughter centriole that is oriented perpendicular to the older (mother)
centriole, resulting in two pairs of centrioles that also indicate duplication of centro-
somal material. The duplicated centrioles separate and migrate around the zygote
nucleus to form the opposite poles of the first mitotic spindle.

Remodeling of the centrosome complex is critically important for proper devel-
opment. While the centriole complex itself does not change its structure during
development this complex has the capability to attract centrosomal material that
surrounds the centriole complex and allows centrosomal plasticity throughout
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Fig.4.2 (a) Schematic diagram representing spermatozoa in non-rodent mammalian species dis-
playing nucleus, proximal and distal centrioles, and sperm tail; (b) while the distal centriole dete-
riorates, the proximal centriole serves as microtubule organizing center (MTOC) to form the sperm
aster during the pronuclear stage after fertilization; (c¢) formation of the procentrioles from the
older centrioles that form the mitotic poles and organize the mitotic apparatus

development for embryo-specific functions. Phosphorylation and other posttransla-
tional modifications are important aspects in centrosome regulation required for cell
cycle-specific changes (reviewed in [125, 126]).

In most systems, the non-membrane bound centrosome organelle of ~1 pm in
size (Fig. 4.3) consists of a large number of centrosomal proteins embedded in a
centrosomal matrix that typically surround a pair of perpendicularly oriented cylin-
drical centrioles; however, it is important to note that centrioles are not present in
the centrosome complex during mitosis and cell divisions in mouse embryos up to
the blastula stage. Details on mouse and non-rodent mammalian centrosomes have
been presented in several recent review papers [7-9, 14—17] and are not included in
the present chapter.

Centrosome functions play major roles in cell cycle regulation (reviewed in
[14]), symmetric and asymmetric cell divisions, in cellular differentiation, in stem
cell maintenance and stem cell differentiation, and in embryo development.
Centrosomal composition varies in different cell cycle stages, in order to perform
cell cycle-specific functions including controlling the length and amount of
microtubule organization. The centrosome complex plays a major role during
preimplantation embryo development. Through its microtubule organizing capabili-
ties, the centrosome facilitates many cellular activities including cell motility,
polarity, maintenance of cell shape, cell division, transport of vesicles, distribution
of cell fate determinants, and targeting of a variety of signaling molecules.
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Fig. 4.3 Schematic diagram of a typical somatic cell centrosome composed of two centrioles,
termed mother and daughter centrioles, that are connected to each other by interconnecting fibers
and surrounded by centrosomal material (also termed pericentriolar material; PCM). The mother
centriole is distinguished from the daughter centriole by distal (shown) and subdistal (not shown)
appendages. Microtubules are nucleated by the gamma-tubulin ring complex (y-TuRC) and acces-
sory proteins, and anchored at their minus ends by the microtubule anchoring complex within
the centrosomal core structure. Microtubule growth is regulated by distal plus-end addition of
tubulin subunits

Differential accumulation of cellular components is critical for proper develop-
ment and assures targeted distribution of cellular components during subsequent
cell divisions. It includes cytoplasmic factors such as transcripts of developmental
genes, which allows for cell type-specific gene activity.

In the developing embryo, centrosome duplication occurs during the S phase and
is tightly synchronized with DNA replication. After duplication during each embry-
onic cell cycle, centrosomes separate toward the opposite poles, establishing the
bipolar mitotic apparatus that contributes to cellular differentiation. During each
cell cycle, the maturation of interphase centrosomes into mitotic centrosomes
includes acquisition of mitosis-specific centrosome proteins such as the Nuclear
Mitotic Apparatus protein (NUMA) that moves out of the nucleus during the cell’s
exit from interphase and associates with the centrosomal core structure during
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mitosis. At this stage, centrosomal material can separate symmetrically or asym-
metrically. Molecular centrosome asymmetry will have consequences for microtu-
bule organization and transport of cargo, generating unequal inheritance of cell fate
altering molecules in different cells during subsequent development.

Most of our knowledge about centrosomes comes from somatic cells and other
studies derived from the Drosophila or C. elegans model systems, both of which
may provide information applicable to some extent to mitotic cells during pre-
implantation embryo development in mammals, which has not been studied
extensively.

Several studies have focused on specific aspects of PTM by acetylation and
tyrosination during preimplantation embryo development. It was shown that
o-tubulin in microtubules of mouse embryos is acetylated in a specific spatial and
temporal sequence during preimplantation embryo development [120]. Furthermore,
the sperm axoneme retains its acetylation after incorporation while interphase,
oocyte-derived microtubules are not detected with an antibody to the acetylated
form of a-tubulin. Similar to meiosis, results for mitosis show the presence of acety-
lated mitotic microtubules and demonstrate a cell-cycle-specific pattern of tubulin
acetylation, with acetylated microtubules found at the centrosomes at metaphase, an
increase in spindle labeling at anaphase, and the selective deacetylation of all but
midbody microtubules at telophase. First mitosis follows a pattern similar to that
observed during second meiosis, as described in section “Cytoskeletal Functions
and Cytoskeletal PTMs During Gametogenesis and Oocyte Maturation”; only the
mitotic midbodies are acetylated and no other acetylated microtubules are detect-
ablein the interphase daughter cells. As described for meiosis in section “Cytoskeletal
Functions and Cytoskeletal PTMs During Gametogenesis and Oocyte Maturation”,
after treatment with cold, colcemid, or griseofulvin, the remaining stable microtu-
bules showed staining for acetylated microtubules (Fig. 4.4).

The first embryonic cell cycle is completed when the zygote chromosomes
become separated during first mitosis. Centrosomes organize microtubules equally
in both spindle halves during mitosis and up until recently it was also thought that
they receive equal amounts of centrosome material. However, newer studies show
that cellular asymmetry can already occur when centrosomal material becomes dis-
tributed unequally or when it becomes differentially modified [127]. Differences in
centrosome quantity and quality in the two dividing daughter cells may set up the
pattern for differentiation and polarization of the preimplantation embryo.

Stages of preimplantation development have been explored in great detail in mouse
embryos, relative to gene expression patterns and specific phases of development with
phase I spanning fertilization to the 2-cell stage; phase II spanning the 4-cell to the
8-cell stage; and phase III spanning the 8-cell embryo to the blastocyst stage.

As mentioned above, the mouse preimplantation embryo does not contain centri-
oles and the formation of the preimplantation mitotic and division stages is acentrio-
lar (reviewed in [7-9, 116]), which is an important difference compared to other
mammalian systems including humans.

Preimplantation development has also been studied in vivo and in vitro in several
suitable animal models that do have sperm-derived centrioles in all stages of embryo
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Fig.4.4 Localization of microtubule structures and PTMs in typical mammalian somatic cells. (a)
In interphase cells, dynamic (more labile; orange) and stable microtubules (blue) are present.
While dynamic microtubules lack PTMs, stable microtubules accumulate PTMs in a cell cycle-
specific progression pattern as described in the text. Microtubules in motile cilia contain PTMs
displaying high accumulation on the B tubule of the outer microtubule doublets. While motile cilia
shown here contain the 9 +2 arrangement of nine doublet microtubules with dynein arms surround-
ing a central pair, primary cilia (not shown) lack the central pair of microtubules (9+0) and such
primary non-motile cilia do not contain dynein. PTMs are also accumulated in centriolar/basal
body triplet microtubules. (b) In mitotic cells, spindle microtubules (kinetochore and/or interpolar)
show a high amount of PTMs, while astral microtubules are mostly unmodified. The centrioles
within the mitotic centrosomes at the spindle poles display PTMs as described in the text and are
distinguished by high levels of polyglutamylation. Differentiated microtubule structures, such as
centrioles, cilia and flagella are highly polyglutamylated, acetylated and detyrosinated, and show
specific accumulation of A2-tubulin. Glycylation is highly specific for cilia and flagella, and can
appear as monoglycylation and polyglycylation. Combinations of different PTMs play a role in the
control of stability and movement of cilia and flagella. Modified from [20]

development, including sheep, bovine and porcine embryos, and human embryos
that had been discarded because of poor embryo quality but provided valuable
research material.

In all mammalian species studied so far, the first preimplantation development
stages are characterized by a synchronous doubling of cell numbers until the 8-cell
stage as shown in the representative diagram in Fig. 4.5. Asynchronous cell divi-
sions take place after morula compaction. At the 8- to 16-cell stage, the embryo
starts developing into a blastocyst, at which time the first events of cellular differen-
tiation are observed. At the blastocyst stage, the embryo hatches from the zona pel-
lucida and implants in the uterus.

Several changes are associated with the development of the preimplantation
embryo and include changes in protein synthesis and changes in energy require-
ments that correlate with morphological changes [128, 129], resulting in compac-
tion that clearly indicates cellular differentiation.

Species-specific differences are observed during these stages in the mouse and
other mammalian species. In the mouse, development from the 1-cell stage to the
blastocyst stage containing 32 or more cells takes about three and a half days, with
the first cleavage from one into two cells taking 16-20 h and the second cleavage
from 2 to 4-cell stage taking 18-22 h. Embryonic genome activation occurs during
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Fig.4.5 Schematic diagram of early preimplantation development from fertilization to the 8 cell
stage. Spermatozoon enters the MII-stage oocyte (a), followed by pronuclear apposition (b), meta-
phase (c¢), early anaphase (d), late anaphase (e), early cell division (f), divided, 2 cell stage (g),
4-cell stage (h), and 8-cell stage (i). PTMs take place in different stages and include different types
of modifications in different subcellular microtubule organizations. Subcellular distribution of
tubulin PTMs takes place in the MII spindle and in mitotic spindles as described in the text for
developing embryo cells during the first cell cycles. Subsequent preimplantation PTMs are likely
to follow those described for somatic cells although specific analysis for embryo cells is not yet
available except for limited data for TE and ICM cells. We know from somatic cells that in undif-
ferentiated cells, PTM modification levels are low in interphase as depicted in Fig. 4.3; detyrosina-
tion (A1), acetylation on Lys40 (Ac) and glutamylation are increased at the inner mitotic spindle
and on the midbody that also shows a slight increase in polyglutamylation. The high levels of
polyglutamylation of centrioles have been linked to centrosomal stability
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a lengthened cell cycle from the 2- to 4-cell stage in the mouse. During the earliest
developmental changes, mouse embryos are under post-transcriptional maternal
control, relying on changes in the translation of mRNAs synthesized during oocyte
growth, and/or post-translational protein modifications. New transcription takes
place during the late 4- and 8-cell stage to prepare the embryo for compaction.
During the morula-blastocyst transition stage, an increase in the rate of protein syn-
thesis is observed leading to the formation of the inner cell mass (ICM) and troph-
ectoderm (TE) at the blastocyst stage.

As indicated above, compaction indicates the first morphological changes in the
preimplantation embryo when cellular differentiation takes place. During this stage,
two distinct cell populations are produced. The blastomeres remaining in contact
with the outside of the preimplantation embryo will differentiate into the trophecto-
dermal (TE) lineage while the blastomeres differentiating inside the embryo will
form the inner cell mass (ICM). Cellular polarization takes place during the 8-, 16-
and 32-cell stages, with specific cells changing their morphological and functional
phenotype to a polarized phenotype. Specifically, divisions of the 8-cell embryo will
result in an average of 9 cells located on the outside and 7 cells located on the inside
of the developing embryo. The outer cells become polarized and larger while the
inner cells remain apolar. The polarization process of the outer cells is apparent by
the basal migration of the nucleus and the apical accumulation of actin, clathrin,
endosomes and microvilli.

While we do not have complete information on PTMs during these stages, we
have some information obtained on mouse preimplantation embryos and we do
have information on the shift in PTMs during polarization in somatic cells.

As has been reported by Houliston and Maro [130], posttranslational modifica-
tion of distinct microtubule subpopulations takes place during cell polarization and
differentiation in the mouse preimplantation embryo. These studies showed that
during the process of cellular differentiation (the time of compaction) into trophec-
toderm cells and inner cell mass, tyrosinated a-tubulin was detected by immuno-
fluorescence microscopy in subsets of microtubules within and between cells. All
microtubules contained tyrosinated a-tubulin but acetylated a-tubulin was only
detected in a subpopulation located predominantly at the cell cortices. It was shown
that during development one population of cytoplasmic microtubules containing
tyrosinated a-tubulin redistributed toward the apex of cells during the 8-cell stage,
while at the same time a population of cortical microtubules displaying acetylated
o-tubulin accumulated near the intercellular contact zone at the basal part of the
cell. This finding indicates differential microtubule dynamics between apical and
basal regions during this stage of preimplantation development. Such a pattern of
microtubule PTM was also seen during the 16-cell stage. Cortical microtubules
were preferentially acetylated in the cortex which correlates well with the PTM pat-
tern described for polarized epithelial cells [131], discussed below. The inside cells
of the developing embryos contained more acetylated microtubules than the outside
cells. Most acetylated microtubules could be depolymerized by nocodazole but
some remained in the outside cells confirming that acetylation does not necessarily
relate to microtubule stability.
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As mentioned above, while the trophectodermal cells are polar, the ICM cells are
adhesive and compact. During blastocyst formation, the trophectodermal cells
acquire characteristics of epithelial cells and may display PTMs as described below
for polarization of tissue culture cells. However, we do not yet have detailed infor-
mation on the sequential acquisition of PTMs that play a role in the polarization
process during preimplantation embryo development.

Most of our knowledge regarding preimplantation development comes from the
mouse and many of the events that occur during mouse preimplantation develop-
ment have also been observed in other mammalian embryos. Nevertheless, it is
important to point out that significant species-specific differences exist, with major
differences in the duration of cell cycle stages and timing of specific events.
Common to most mammalian species are the synchronous cell divisions for the first
few cell cycles followed by asynchronous divisions, typically after the 8-cell stage.
Significant differences exist during the blastocyst stage when various embryos
undergo long periods of blastocyst expansion which is especially characteristic for
farm animals, including the sheep and pig in which increases in cell number and
size take place [128, 129]. Differences are also significant in the timing of embry-
onic genome activation.

In porcine embryos, pre-implantation embryonic development has been described
in detail [128, 132] including stages of blastula formation and cellular differentia-
tion into trophectoderm and inner cell mass. In porcine embryos ICM, formation
takes place on day 5 and continues with differentiation into epiblast and hypoblast
at around the time when the embryo hatches from the zona pellucida [133, 134].
ICM and TE cell lineages are vital and essential for embryonic and fetal survival.
TE cells and ICM-derived extra-embryonic membranes form the fetal placenta dur-
ing later development.

The preimplantation stages and cell cycle timing has been reviewed by Niakan
etal. [129] and time-lapse imaging studies have provided excellent data on dynamic
behavior of human embryos during the first week of in vitro development [135].
These studies showed that human embryos undergo cytokinesis within 14.3 +6.0 min
and complete second division within 11.1+2.2 h after completion of first cytokine-
sis. In humans, the implantation occurs at ca. day 7 of development.

PTMs during cellular polarization: Using immunocytochemistry and immunoblot-
ting techniques in somatic cells, Quinones et al. [131] reported that PTM of tubulin
undergoes a switch from detyrosination to acetylation as epithelial cells become
polarized. By using Madin-Darby Canine Kidney (MDCK) epithelial cells, the
authors showed that the composition and distribution of modified microtubules
change as the cells undergo morphogenesis associated with polarization. They
showed that two-dimensionally spreading cells contain more detyrosinated microtu-
bules with orientations toward the leading edge. In contrast, three-dimensionally
polarized cells contain more acetylated microtubules that are oriented toward the
apical domain, which correlates well with the data reported for polarizing cells in the
developing mouse embryo [130]. While the functional aspects of these modifica-
tions await further clarification, it may be assumed that such modifications allow
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directional transport of cargo along microtubules. Data by these authors also revealed
that microtubules are not necessarily acetylated along their entire length but that
only short segments of microtubules may be acetylated rather than the entire micro-
tubule. Polyglutamylation was seen stochastically on tubulin of most microtubules
but further studies are needed to characterize functional aspects correlated to this
observation. Interestingly, when the authors used nocodazole to depolymerize
microtubules, they found that in subconfluent cells, detyrosinated microtubules ini-
tially appeared more stable compared to acetylated microtubules; after treatment for
one hour, few acetylated microtubules remained while detyrosinated microtubules
were still present. Based on these results, the authors propose that there are different
classes of stable microtubules that are affected differently by drug treatment.
Corresponding results were also obtained for confluent cells in which a small num-
ber of acetylated microtubules persisted after treatment with nocodazole for one
hour while no polyglutamylated microtubules were resistant to drug treatment. In
polarized cells, more microtubules were resistant to drug treatment, with most of
them being acetylated. Detyrosinated and polyglutamylated tubulin was mostly
detected in primary cilia. Taken together, the authors were able to demonstrate that
there are different degrees of microtubule stability which may not directly correlate
to PTMs, but PTMs are important for functional diversity in polarized cells. Further
studies by Zink et al. [136] using depletion and overexpression approaches revealed
that tubulin detyrosination promotes monolayer formation and apical trafficking in
epithelial cells. These studies also identified alternating stretches of detyrosinated
and tyrosinated tubulin. In detyrosination-depleted cells, premature polarization of
cells could be induced. The authors propose that the detyrosinated tubulin-enriched
microtubules may serve as cytoskeletal tracks to guide membrane cargo in polarized
MDCK cells. These recent findings are most informative as to the possible functions
of PTMs in cellular polarization and may be extended to preimplantation embryo in
which cellular polarization is crucial for successful development. It may also be use-
ful for studies on embryonic stem cells and their differentiation into various tissues.

Conclusions and Perspectives

The present chapter has provided an overview of our current knowledge on cyto-
skeletal PTMs during gametogenesis, oocyte maturation, fertilization and pre-
embryo development with focus on the microtubule cytoskeleton. The importance
of PTMs in cytoskeletal functions has been well recognized, and significant new
information has been gained by studying PTMs in neuronal cells and in a variety of
somatic cell systems. However, data on reproductive system cells are still incom-
plete and further investigations are needed, particularly since the cytoskeleton plays
critically important roles in fertilization, symmetric and asymmetric cell divisions,
stem cell maintenance and differentiation, cellular polarization, cilia and primary
cilia formation, and various other aspects that are important for maintaining and
reorganizing cell and tissue architecture to accommodate a diversity of cellular
functions during embryo development. Investigations of specific cytoskeletal PTMs
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during fertilization and all subsequent stages of embryo development are important
to address the role of cytoskeletal PTMs in allowing functional differences of this
complex network of interconnected fibers. PTM abnormalities may be among the
underlying reasons for cytoskeletal dysfunctions with consequences for infertility
and developmental abnormalities.

While not yet included in the present chapter it should be noted that septins have
been called a fourth novel unconventional component of the cytoskeleton [137].
Septins are a family of proteins that can form non-polar filaments or rings and can
interact with the actin and microtubule cytoskeleton. Septins play a role in cytoki-
nesis by recruiting different proteins to the contractile ring; by doing so they are
important for cell division and for budding in yeast as is known for Saccharomyces
cerevisiae in which septins had originally been discovered. In mouse oocytes, it has
been shown that Septin2 is posttranslationally modified by SUMOylation and
required for chromosome congression [138]. Septin 1 is required for spindle assem-
bly and chromosome congression [139] and Septin 7 is required for orderly meiosis
[140]. These studies have opened up an important new area for further investiga-
tions into septin functions and PTMs during fertilization and cell divisions through-
out embryo development when septin may play a role in cellular polarization.
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